The electrophilic aromatic ring trifluoromethylthiolation of various substituted phenols was accomplished using PhNHSCF 3 (N-trifluoromethylsulfanyl)aniline, (1) in the presence of BF 3 ·Et 2 O (2) or triflic acid as the promoter. The functionalization was exclusively para-selective; phenols unsubstituted in both the orthoand para positions solely gave the para-substituted SCF 3 -products in all cases, while para-substituted phenols gave the ortho-substituted SCF 3 -products. 3,4-Dialkyl substituted phenols yielded the corresponding products according to the Mills-Nixon effect, and estrone and estradiol furnished biologically interesting SCF 3 -analogues. The highly reactive catechol and pyrogallol substrates gave the expected products smoothly in the presence of BF 3 ·Et 2 O, whereas less reactive phenols required triflic acid. 2-Allylphenol gave the expected p-SCF 3 analogue, which underwent an addition/cyclization sequence and furnished a new di-trifluoromethylthio substituted 2,3-dihydrobenzofuran derivative. Some additional transformations of 4-(trifluoromethylthio)phenol with NBS, NIS, HNO 3 , HNO 3 /H 2 SO 4 and 4-bromobenzyl bromide were performed giving bromo-, iodo-, nitro-and benzyl substituted products. The latter derivative underwent Suzuki-Miyaura coupling with phenylboronic acid.
Introduction
The introduction of a fluorine atom or a fluorine-containing substituent into an organic molecule often favorably modulates the compounds' properties, thus making new functional and advanced materials. [1] [2] [3] [4] [5] [6] Fluorinated organic molecules frequently possess enhanced stability, binding affinity and biological activity in comparison with their non-fluorinated precursors. 7, 8 The trifluoromethyl group shares an exceedingly important part in biologically relevant molecules, and the number of newly introduced trifluoromethylated substances in the pharmaceutical and medicinal chemistry industries has been growing considerably. [9] [10] [11] Consequently, there has been a strong interest in the direct introduction of CF 3 groups into organic molecules regardless of the approach, via radical, nucleophilic or electrophilic modes, thus making trifluoromethylation a current topic of great interest.
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An interesting variety of the CF 3 group is the trifluoromethylthiol group SCF 3 , which considerably contributes to enhanced lipophilicity, and is an indispensable moiety in the agrochemistry and medicinal chemistry industries; 20 however its introduction has received considerably less attention than the CF 3 group. A 2′-SCF 3 substituted uridine derivative was found to be a powerful label for probing the structure and function of RNA using 19 F NMR spectroscopy. 21 Recently, significant progress in the introduction of a SCF 3 moiety has been achieved. 22 The introduction of the SCF 3 group could occur directly with CF 3 SCl 23 or (CF 3 ) 2 S, 24 (extremely noxious and hazardous gases that are not suitable for non-specialized laboratories) or indirectly i.e. by interconversion of functional groups. 25 Nucleophilic and radical sources of the SCF 3 group are often copper-26 or silver-based 27 metallic reagents, or [NH 4 ][SCF 3 ]; 28 furthermore, trifluoromethylthiolation can also be realized with a combination of two different sources for the sulfur functionality and CF 3 group. 29 In particular, the popularity of electrophilic trifluoromethylthiolation has grown remarkably in recent years; the new period of interest began with the work of Billard, Langlois and coworkers. 30 They prepared PhNHSCF 3 and its derivatives: easyto-handle electrophilic SCF 3 -transfer reagents for use with alkenes and alkynes, 31 indoles, 32 tryptamines, 33 organometallic species, 34 amines, 35 and allyl silanes. 36 In addition, terminal alkynes were trifluoromethylthiolated in the presence of a catalytic amount of base. 37 Internal alkynes reacted with PhNHSCF 3 , yielding the corresponding 3-(trifluoromethyl)thio derivatives of indoles, 38 benzofurans, benzothiophenes 39 and 1H-isochromen-1-ones. 40 Similarly, 4-((trifluoromethyl)thio)-2H-benzo [e] [1,2]thiazine 1,1-dioxides were efficiently prepared in the presence of BiCl 3 in dichloroethane. 41 An interesting trifluoromethanesulfonyl hypervalent iodonium ylide able to PhNHSCF 3 (N-trifluoromethylsulfanyl)aniline, (1) is a simple and easy-to-handle electrophilic reagent for the direct introduction of a SCF 3 group into organic molecules. Its electrophilic power usually requires activation with an appropriate promoter of the Lewis or Brønsted type. Its reactivity is mostly unexplored, and we decided to test it on phenols, since there are many biologically relevant phenols i.e. steroids of estrone type, epinephrine, thymol, and others. We report on a direct and remarkably highly regioselective trifluoromethylthiolation of phenols using PhNHSCF 3 in combination with a boron trifluoride etherate complex or triflic acid.
Results and discussion
Initially, the reaction conditions were examined using phenol (3a) as a model substrate; the results are summarized in Table 1 . Initially 3a was subjected to 1 without an activator, and remained unreacted (Table 1 , entry 1). BF 3 ·Et 2 O and p-TsOH·H 2 O were found to be rather unpromising promoters for this reaction (entries 2-5).
We decided to examine the effect of considerably stronger activators, i.e. CH 3 SO 3 H (MSA) and triflic acid (TfOH). MSA was found to be a somewhat better activator (entries 6 and 7), while TfOH was the promoter of choice (entries 8 and 9). In all cases, 4-trifluoromethylthiophenol (4a) was obtained, and no ortho substitution was noted. Results from the functionalization of different phenols are presented in Table 2 . 2-Methylphenol (3b) and 3-methylphenol (3c) both yielded the 4-SCF 3 -substituted products 4b and 4c exclusively ( Table 2, entries 1 and 2). 4-Methylphenol (3d) and 4-i-propylphenol (3e) yielded the corresponding 2-SCF 3 -substituted products 4d and 4e as the sole products. In the cases of 2-t-butylphenol (3f ) and 4-tbutylphenol (3g), ipso substitution could have been observed; however, the 4-SCF 3 -substituted 4f and 2-SCF 3 -substituted product 4g were formed as the sole products (entries 5 and 6). Similarly, 2-benzylphenol (3h) yielded the 4-SCF 3 -substituted product 4h, while no ipso substitution was observed. 4-Phenylphenol (3i) was regioselectively transformed into its 2-SCF 3 -substituted product 4i. The reactions of 2,5-dimethylphenol (3j) and 2,6-dimethylphenol (3k) cleanly furnished their 4-SCF 3 -substituted derivatives 4j and 4k (entries 9 and 10). 2,3,5-Trimethylphenol (3l) and 2,3,6-trimethylphenol (3m) gave their 4-SCF 3 -substituted derivatives 4l and 4m as the sole products (entries 11 and 12).
2,4,6-Trimethylphenol (3n) was an interesting substrate, because all potentially reactive positions were substituted. None of the possible ipso adducts were observed, but 2,4,6-trimethyl-3-trifluoromethylthiophenol (4n) was isolated as the sole product (entry 13).
Next, we examined the reactivity of 3,4-dimethylphenol (5a), 5-indanol (5b) and 5,6,7,8-tetrahydro-2-naphthol (5c) (Scheme 1). Such compounds possess unequally reactive ortho positions; this phenomenon is known as the Mills-Nixon effect.
57 5a furnished the expected 6a as the major product, while no 6aa was detected. Instead, double functionalization took place, yielding 6a′ as a minor product. The relative distribution ratio of 6a/6a′ was 94 : 6. 5b yielded only one expected product 6b; whereas no 6bb was detected. 5c reacted in accordance with the anticipated reactivity giving 6c and 6cc in a relative ratio of 56 : 44. tion, while nitration was more selective in the case of 5,6,7,8-tetrahydro-2-naphthol (63 : 37). 59 It is known that PhNHSCF 3 reacts with alkenes, 31 and so we examined the reactivity of 2-allylphenol (7) due to the two diverse potential reaction sites (Scheme 2). We established that 7 reacted with 1 in the presence of TfOH as both phenol and alkene, thus proposed a secondary carbocation intermediate 8.
The reaction proceeded in dichloromethane in the absence of a good nucleophile, and the phenolic oxygen atom took part in an intramolecular cyclization thus producing five-membered product 9 as a novel type of trifluoromethylthiolated product. It appears that the stability of 8 was of crucial importance for the reaction selectivity. The other possible product, a six-membered isomeric product originating from a reversed addition of PhNHSCF 3 to the double bond that would have generated a primary carbocation, was not observed. The structure of 9 was confirmed using NMR spectroscopy, and the key experiment was DEPT 135. The carbon atom attached to the SCF 3 group appeared as a quartet in the same phase with the second aliphatic signal, whereas the third aliphatic signal was in the opposite phase. This was a clear indication that the SCF 3 group was attached to the CH 2 , and not to a CH group. The reactivity of highly reactive bicyclic-, alkoxy-and hydroxyphenols with PhNHSCF 3 is summarized in Table 3. 2-Methoxy-4-methylphenol (10a) produced 6-SCF 3 analogue 11a as the sole product, while 2,6-dimethoxyphenol (10b) selectively yielded its 3-SCF 3 derivative 11b (Table 3 , entries 1 and 2). 5,6,7,8-Tetrahydro-1-naphthol (10c) was regioselectively transformed into its 4-SCF 3 analogue 11c in good yield. The transformations of 1-naphthol (10d) and 2-naphthol (10e) were completely selective in both cases. The former led to its 4-SCF 3 derivative 11d, whereas the latter led to its 1-SCF 3 analogue 11e (entries 4 and 5). Additionally, 2,7-dihydroxynaphthalene (10f ) was tested due to the possibility of double functionalization. Indeed, 1,8-diSCF 3 derivative 11f was isolated as a single product in good yield. 2′,6′-dihydroxyacetophenone (10g) was smoothly converted into its 3-SCF 3 derivative 11g (entry 7). In continuation, some naturally occurring phenols were successfully transformed into their trifluoromethylthio analogues. Catechol (10h) selectively produced its 4-SCF 3 derivative 11h, and 4-methylcatechol (10i) yielded its 5-SCF 3 derivative 11i exclusively (entries 8 and 9). Functionalization of resorcinol (10j) smoothly afforded its 4-SCF 3 analogue 11j in a good yield. The highly oxidation-prone pyrogallol (10k) was also efficiently transformed into its 3-SCF 3 derivative 11k (entry 11). It could be concluded that the reaction system of PhNHSCF 3 /activator is compatible with highly electron-rich phenols and that introduction of the SCF 3 group took place efficiently without a noticeable amount of oxidation.
In addition, we tested some biologically relevant molecules possessing a phenolic functionality (Scheme 3). 3,4-(Methylenedioxy)phenol (12a) as a highly reactive substance afforded the corresponding 6-SCF 3 derivative 13a as the sole product. The reaction was complete within 20 minutes, and the product, 13a, was obtained in good yield. 6-Hydroxy-1,3-benzoxathiol-2-one (12b) was successfully converted into its 5- This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
Scheme 1
The effect of the structure of 3,4-dialkyl substituted phenols on trifluoromethylthiolation.
Scheme 2 The double functionalization of 2-allylphenol with PhNHSCF 3 . SCF 3 derivative 13b in spite of the acid-sensitive oxathiolone functional group. This is a good demonstration that the acidic reaction system is also compatible with sensitive functionalities. Thymol (12c) was effectively transformed into its 4-SCF 3 derivative 13c in high yield. Estrone (12d) and estradiol (12e) are important steroid hormones bearing a phenolic functionality. Both were regioselectively transformed into the corresponding o-SCF 3 analogues (13d, 13dd, and 13e, 13ee; Scheme 4). The regioselectivity of functionalization of estrone was similar to that of the nitration reaction; 59 however, the selectivity of trifluoromethylthiolation was higher in the case of estradiol. In addition, some further functionalizations of 4-(trifluoromethylthio)phenol (4a) were studied (Scheme 5). The strong electron-withdrawing nature of the trifluoromethylthio group significantly influences the reactivity of such compounds. 4a was nitrated with 65% HNO 3 under solvent-free reaction conditions for 14 hours at 30-40°C, selectively yielding monoScheme 3 The reactivity of some biologically active phenols with PhNHSCF 3 .
Scheme 4 Electrophilic trifluoromethylthiolation of estrogenic hormones with PhNHSCF 3 .
Scheme 5 The reactivity of 4-(trifluoromethylthio)phenol (4a) with different reagents.
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This journal is © The Royal Society of Chemistry 2015 2 and PPh 3 to yield a cross-coupled derivative 20 in good yield. The detailed reaction mechanism is not known; however, the most likely reaction pathway is an electrophilic one. The reaction selectivity for para-and ortho-positions is one of the strong arguments in favor of an electrophilic pathway. The reagent PhNHSCF 3 (1) is principally an amine and a relatively weak electrophilic reagent. The strong Brønsted acid TfOH seemingly protonates 1, thus forming a corresponding salt with considerably more pronounced polarization between the nitrogen and sulfur atoms. The strong electron deficiency of the nitrogen atom presumably tends to attract electron density; thus resulting in a weaker C-S bond and a stronger sulfur electrophile able to react with phenols (Scheme 6).
Trifluoromethylthiolation of m-cresol in the presence of the free radical TEMPO 62, 63 took place in the same manner as without TEMPO. This is another indication that a radical pathway is not very likely to be the chief reaction course.
Conclusions
In summary, we have developed a new highly regioselelective and efficient method for the trifluoromethylthiolation of phenols. The reaction pathway is most likely to be an electrophilic substitution pathway. The method is suitable for nonspecialized laboratories because the transformation was accomplished with PhNHSCF 3 and without the extremely noxious CF 3 SCl or (CF 3 ) 2 S. An additional advantage was operational simplicity; specifically, the reactions were performed with non-dried dichloromethane in an air atmosphere at room temperature. The reaction selectivity was remarkably high; when both the para-and ortho-sites were unsubstituted, only para-functionalization took place. When the para-position was already substituted, functionalization of the ortho-site took place, and no ipso-substitution was noted. The reaction conditions were also demonstrated to be compatible with acid sensitive groups i.e. the thioxolone moiety.
Experimental section

General information
All transformations were carried out in untreated dichloromethane under an air atmosphere with stirring at room temperature. The starting phenols and other chemicals were obtained from commercial sources; PhNHSCF 3 1 was prepared using the literature procedure. 30 The crude products were purified by column chromatography on silica gel (63- 19 F NMR spectra are referenced to CFCl 3 (δ = 0.00 ppm).
Representative procedure for the acid-promoted trifluoromethylthiolaton of phenols To a solution of phenol (1 mmol, or 0.5 mmol in the case of the steroids) in dichloromethane (10 mL), PhNHSCF 3 (1.2-1.3 equiv.) was added along with a corresponding amount of triflic acid (1.2-5 equiv.) or BF 3 ·Et 2 O (2-3 equiv.). The resulting mixture was stirred at room temperature for up to 16 h. In most cases, the starting phenol was fully consumed, as determined by TLC. The reaction mixture was diluted with 10 ml of dichloromethane, washed with a 10% solution of NaHCO 3 , then water and then dried over anhydrous Na 2 SO 4. The crude reaction mixture was subjected to column chromatography after removal of the solvent. In numerous cases, this was only a 'filtration' over silica gel, because of the excellent reaction selectivity.
Reactivity of 4a with different reagents
Reaction with HNO 3 . To 4-(trifluoromethylthio)phenol (4a) (0.4 mmol, 77 mg), HNO 3 (65%, 1.6 mmol, 156 mg) was added and the resulting reaction mixture was stirred at 30-40°C overnight. TLC revealed the full consumption of 4a. The reaction mixture was cooled to room temperature, and the product was extracted three times using 5 mL of dichloromethane, washed two times with water, and then dried over anhydrous Na 2 SO 4 . Pure product 14 (84 mg, 87%) was obtained as a yellow solid after column chromatography (hexane-diethyl ether). Reaction with HNO 3 /H 2 SO 4 . HNO 3 (65%, 1.6 mmol, 156 mg) was added to 4a (0.4 mmol, 77 mg) and the resulting reaction mixture was stirred at 30-40°C overnight. TLC revealed the full consumption of 4a. HNO 3 (65%, 1.6 mmol, 156 mg) and concentrated H 2 SO 4 (98%, 0.8 mmol, 80 mg) were then added and reaction mixture was stirred at 70-80°C overnight. TLC showed the disappearance of the mononitro product. The reaction mixture was cooled to room temperature, and the product was extracted three times using 5 mL of dichloromethane and brine. The organic phase was dried over anhydrous Na 2 SO 4 , and the solvent evaporated. After column chromatography (hexane-diethyl ether), pure product 15 (88 mg, 77%) was obtained as a yellow solid.
Reaction 61 A solution of 4a (0.4 mmol, 77 mg) in dry THF (1 mL) under an argon atmosphere was cooled to 0°C and t-BuOK (0.5 mmol, 56 mg) was added, and then the mixture was stirred for 15 minutes at 0°C. The reaction mixture was warmed to 40°C, diphenyliodonium triflate (0.6 mmol, 258 mg) was added, and the mixture was stirred for three hours at 40°C. The crude product was purified by chromatography (hexane-diethyl ether) and a colorless oily product, 18 (69 mg, 64%), was obtained. Reaction with 4-bromobenzyl bromide/K 2 CO 3 . A mixture of 4a (0.4 mmol, 77 mg), 4-bromobenzyl bromide (0.4 mmol, 100 mg) and K 2 CO 3 (0.48 mmol, 66 mg) was stirred for one hour at 80°C in acetonitrile. TLC showed consumption of the starting phenol 4a. The reaction mixture was cooled to room temperature, and the solvent was removed under vacuum. The product was extracted three times using 5 mL of dichloromethane and water, and then dried over anhydrous Na 2 SO 4 . The solvent was removed and the product purified by chromatography (hexane-diethyl ether), thus giving a bright yellow product, 19 (137 mg, 95%).
Suzuki-Miyaura coupling. Phenylboronic acid (0.275 mmol, 33 mg) was added to a solution of 18 (0.25 mmol, 90 mg) in isopropanol (5 mL) and the mixture was purged with argon for 10 minutes. Pd(OAc) 2 (0.022 mmol, 5 mg), triphenylphosphine (0.095 mmol, 25 mg), a degassed solution of K 2 CO 3 (1.5 mL, 2 M) and deionized water (1 mL) were added consecutively. The resulting mixture was stirred for 1 hour at reflux temperature, and TLC showed consumption of 18. The mixture was cooled, concentrated under vacuum, and diluted with dichloromethane (10 mL) and water (10 mL). After separation of the phases, the aqueous phase was additionally extracted three times with 5 mL of dichloromethane. The combined organic phase was dried over anhydrous Na 2 SO 4 , filtered and the solvent removed. The crude product was purified by chromatography (hexane-diethyl ether), thus yielding a white solid, 20 (66 mg, 73%). 
